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We studied the effect of low energy (30 keV) ionic implantation of Ga+ in the direction parallel
to the graphene planes (perpendicular to c-axis) in oriented graphite ribbons with widths around
500 nm. Our experiments have reproducibly shown a reduction of electrical resistance upon implan-
tation consistent with the occurrence of ionic channeling in our devices. Our results allow for new
approaches in the modulation of the charge carrier concentration in mesoscopic graphite
PACS numbers:
I. INTRODUCTION
Graphite is a material composed by loosely-stacked
graphene planes, bound together by Van-der-Waals
forces. Due to its similarities with graphene, graphite
attracts broad technological interest. Most notably, few-
layer graphite has been the focus of increasingly larger
research efforts in the past few years, partially due to its
low electrical resistivity, high charge carrier mobility, as
well as the possibilities of gap modulation and ballistic
transport [1–4].
One of the greatest challenges posed by mesoscopic
graphite structures is the difficulty to control its charge
carrier density. Due to its high native charge carrier con-
centration (ranging from 1018 to 1021 cm−3 [4]), elec-
trostatic doping is usually ineffective in samples with
thickness above few nanometers because of charge screen-
ing. In addition, conventional ionic implantation is of-
ten problematic due to the disorder introduced in the
graphite structure by the highly energetic ions [5–7].
In this letter, we address these issues by attempting
ionic implantation parallel to the planes (perpendicular
to c-axis) in narrow HOPG (highly oriented pyrolytic
graphite) ribbons. Our results show a consistent resis-
tivity reduction with the amount of implanted ions, sug-
gesting implantation in this direction as a viable way to
modulate the charge carrier density in the material.
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II. RESULTS AND DISCUSSION
The samples studied here were HOPG ribbons ex-
tracted from two different bulk crystals: advanced ce-
ramics ZYA HOPG (FWHM 0.5o) and Great Wall Inc.
GW (FWHM 0.39o) [8, 9]. The bulk crystals had typical
dimensions of 2 mm x 3 mm (in-plane) x 0.5 mm (c-axis)
and room-temperature resistivities of 20 µΩ.cm (ZYA)
and 5 µΩ.cm (GW). They presented a metallic-like be-
haviour (dR/dT> 0) with saturation at high T, typical
of well-graphitized bulk HOPG [10]. This is shown in the
inset of Fig. 1.
The ribbons were prepared as detailed in refs. [11] and
[12]. In short, they were etched from a freshly-cleaved
HOPG surface with the 30 kV Ga+ ion beam from a FEI
dual-beam electron microscope [13]. During the milling
procedure, progressively smaller ion beam currents were
used for etchings done near the ribbons edges. This was
performed in order to polish the samples surfaces and
limit the Ga diffusion in the material. SRIM simulations
predict that, under these conditions, the lateral pene-
tration of Ga+ in graphite should remain under 20 nm
[12, 14], resulting in ribbons surrounded by, at most, a 20
nm layer of amorphous carbon. To negate milling damage
to the top of the ribbon, the sample was covered in-situ
with an 800 nm-thick layer of insulating PdC, obtained
by electron-beam induced deposition (EBID) [12]. The
resulting samples had typical dimensions 20 µm x 500
nm (in-plane) x 5 µm (along the c-axis - see the cartoon
in the inset of Fig. 1). With a micro-manipulator, the
ribbons were transferred to a Si substrate coated with a
300 nm-thick layer of insulating Si2N3. Due their nar-
row in-plane width, their c-axis was oriented parallel to
the substrate surface. Subsequently, the samples were
soldered to the substrate with four EBID PdC staircase
2structures, in order to allow for an effective electrical con-
tacting.
For the electrical addressing, the samples were sub-
mitted to a standard electronic lithography processes. In
it, the devices were covered with a 1 µm thick layer of
PMMA resist, which was allowed to cure for 30 min at
180oC in a furnace. The electron-litography writting was
carried out with a dose of 120 µC/cm
2
at an acceleration
potential of 15 kV. After the developing process, the sam-
ple was exposed to a soft oxigen plasma (15 W) for 120
s to remove residues from the sample surface. This was
followed by the sputtering deposition of a 10 nm-thick
adhesion layer of Pd, followed by a 90 nm layer of Au.
Pd was chosen as the adhesion layer due its low contact
resistance and wide use in multigraphene samples (see,
e.g., ref. [15]), as well as its good adherence to our Si2N3
substrate. The liftoff of the resist was made with ace-
tone. The resulting contacts short-circuited the sample
along the c-axis, in an attempt to attain a homogeneous
electrical current flow across the sample cross section (see
the inset of Fig. 1
In total, four samples were experimented. They are
labeled L1, L2, L3 and L4. R(T) results are shown in
Fig. 1. Samples L1, L2 and L3 were measured in the
interval 4 K ≤ T ≤ 275 K, while sample L4 was mea-
sured for 200 K ≤ T ≤ 300 K due to instrumentation
limitations. All ribbons showed an insulating-like R(T)
behavior (dR/dT< 0), in opposition to the metallic-like
dependency observed in bulk HOPG (see the inset in
Fig. 1). The ribbons room-temperature (RT) resistiv-
ities were 6× 104 µΩ.cm for sample L1, 2.1× 104 µΩ.cm
for sample L2, 0.7×104 µΩ.cm for sample L3 and 20×104
µΩ.cm for sample L4. These values are three to four or-
ders of magnitude higher than those of bulk graphite (5
µΩ.cm for GW and 20 µΩ.cm for ZYA).
It would be natural to attribute the ribbons’
insulating-like behavior to an eventual disorder caused
by Ga+ ions during the milling process. However, SRIM
simulations predict a diffusion of Ga in a region below 20
nm surrounding the ribbon, which is partially removed
during the plasma etching in the lithography process.
These suggest that disorder on the ribbons’ surface can-
not be held accountable for the high resistivity of the
samples.
Instead, the insulating-like behavior and the enhanced
resistivity of our devices can be understood in the con-
text of finite-size effects. Mean-free paths of carriers in
HOPG can reach values above tenths of microns, being
in the same order of magnitude of the lateral width of our
ribbons [4]. Experiments in constricted HOPG demon-
strate that the reduction of the lateral size of crystals
below 1 µm can result in an increase of the sample re-
sistivity up to three orders of magnitude [11]. Such in-
crease is non-linear with the constriction size and usually
depends on the device studied [11]. This aspect of our
devices will be discussed elsewhere [16]. In addition, the
typical RT resistivities of the ribbons shown here agree
with those observed in previous studies for similar sam-
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Figure 1: (color online) Normalized R(T) measurements for
four different ribbons. The left axis corresponds to samples
L1, L2 and L3, while the right axis (green) corresponds to
sample L4 (open symbols). The ice-temperature resistance
R(T=275 K) of the samples were 2.3 kΩ for sample L1, 1.5
kΩ for L2, 0.3 kΩ for L3 and 15.0 kΩ for L4. The inset shows
the curves for the bulk HOPG used in this work. The cartoon
in the inset represents the geometry of samples L1-L4, as well
as the typical dimensions of the devices. In it, lighter (yellow)
patches correspond to the electrical contacts in the sample.
The arrow points the sample c-axis direction.
ples. For example, in refs. [11, 12, 17], RT resistivities of
HOPG ribbons vary between 104 µΩ.cm and 106 µΩ.cm.
Such devices have shown the same insulating-like R(T)
behavior found here when excited with electrical currents
above few nano-Amperes.
After initial characterizations, our samples were cov-
ered with a 1 µm-thick layer of PMMA and a narrow
window was patterned between the central sample elec-
trodes with electronic lithography. The process was fol-
lowed by developing and a soft plasma etching to remove
PMMA residues and reduce the amorphous carbon layer
coating our device. The samples were subsequently im-
planted with 30 kV Ga+ ions, which were available in the
same FEI dual beam electron microscope employed dur-
ing the etching process. Due the sample geometry, the
implantation was performed with the ion beam parallel
to graphene planes (perpendicular to c-axis).
Results for device L2 are shown in Fig. 2. In it,
each implanted dose corresponds to a fluence of 2.6 ×
1014 ions/cm
2
. Measurements were done ex-situ with an
AC resistance bridge operating at f = 13 Hz and excita-
tion currents 1 nA ≤ I ≤ 10 nA (each curve was mea-
sured at constant excitation). All samples showed the
same qualitative behavior and remained ohmic in the en-
tire temperature range studied. Upon Ga implantation,
all devices initially became less resistive (up to one order
of magnitude). Higher implanted concentrations (above
1015 ions/cm2) caused a resitivity increase, which even-
tually led to the destruction of the devices. A diagram
showing this effect for all our samples is presented in Fig.
3 and will be discussed further ahead.
Our results seem somewhat counter-intuitive, as Ga
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Figure 2: (color online) R(T) measurements for sample L2
after consecutive ionic implantations. Note the resistance
decrease, and subsequent increase, with the amount of im-
planted Ga.
implantation in HOPG is reported to dramatically in-
crease the sample resistance, rather than causing the pro-
nounced decrease observed. For example, experiments
performed on thin HOPG films with the ion beam par-
allel to the sample c-axis have shown that implantations
with doses as small as 5× 1011 ions/cm
2
result in the in-
crease of sample resistance above an order of magnitude
[5]. However, this behavior is not universal and strongly
depends on the type of ions implanted in the material.
Implantation of HOPG with H+ (parallel to sample c-
axis), for example, has shown a weak (1 %) sample resis-
tance reduction for an implanted dose of 1013 ions/cm2,
followed by a monotonic resistance increase at higher flu-
ences [6].
The resistance increase observed in the literature is
usually linked to the damage caused to in-plane chemical
bondings in graphite [5, 18]. In our experiments, how-
ever, the ionic beam was oriented parallel to the sample
planes (perpendicular to the c-axis). In this geometry,
the implanted ions see atomic layers of C separated by
distances about 3.35 A˚ corresponding to the interplane
distance in HOPG. These regions can allow ions to pen-
etrate inside the material with minimal damage, in an
effect known as ionic channeling.
It is well-known that both axial and planar channel-
ing can occur in higher quality HOPG [19–22]. Exper-
iments measuring the backscattering of He ions in the
last decade have shown that small misalignments be-
tween sample and ion beam do not considerably affect
ionic channeling in the material. This applies to angles
in the order of sample mosaicity, and happens due to
the presence of rotational faults (twist disorder) and mo-
saic spread in bulk graphite [18, 19, 21, 23]. In our ex-
periments, the angle between the sample and ion beam
was controlled by a step motor with a precision of 0.1o -
which assured that misalignment angles remained below
the sample mosaicity. Under these conditions, the im-
plantation of heavy ions (Ga) at low energy regime (30
keV) is likely to achieve a channeling condition [24].
In order to verify the effect of ionic implantation on the
sample structure, Raman measurements were performed.
The experiments were carried out with the light incising
perpendicular to the sample c-axis, with the electric field
polarized along the graphene planes. Results for sample
L2 at three implanted doses are shown in the lower pannel
of Fig. 3. Such doses correspond to the points marked
in the resistance-implantation diagram for all samples,
which is shown in the upper pannel of the same figure.
The G-peak and 2D peaks on the Raman spectra are fin-
gerprints of graphite, whereas the one labeled D is a sig-
nature of structural disorder [25]. The curve # 1 shows
the presence of the D-peak due to the disordered carbon
layer surrounding the sample (presumably formed dur-
ing the milling process). For subsequent doses (curves #
2 and # 3) the D-peak intensity gets higher as it over-
laps with the G-peak. At this stage (IG/ID ≈ 1) the
sample surface reaches the amorphization condition, no
longer allowing measurements of the underlying graphite
structure.
The Raman spectra can be compared with those pre-
viously obtained by B. S. Elman and M. Dresselhaus
on HOPG implanted with different ions, albeit paral-
lel to c-axis [18, 26]. For example, ref. [18] shows that
the implantation of 100 keV He ions with a fluence of
1× 1014 ions/cm2 is sufficient to produce amorphization
of the sample surface. At the same time, lesser ener-
getic ions are shown to produce more damage to HOPG
surface than their higher energetic counterparts [26].
Considering these, it would be expected that the lower
energy Ga+ ions used here (30 keV) would not produce
an early surface amorphization at fluences of 1014 cm−2.
This would happen due to the ions’ larger energy trans-
fer for collision, smaller scatter angle, smaller range
and larger defect density per volume when compared to
lighter ions [27]. These considerations suggest a channel-
ing scenario for our graphite sample. As the implanted
doses gets higher, however, the channels are progressively
destroyed as dechanneling and random scattering events
become important [28, 29].
Hence, the ever increasing amount of damage can be
conciliated with the sample resistance reduction by con-
sidering that our devices undergo a progressive amor-
phization which competes with the doping caused by Ga
atoms. The doping can be understood as a consequence
of channeled Ga ions acting as an interstitial linking be-
tween graphene planes in graphite, which donate elec-
trons [23]. Since the resistivity of graphite depends on
the amount of charge carriers [10], this contribution re-
duces the sample resistance according to the inverse of
the implanted dose.
As the progressive damage increases with the amount
of implanted ions, however, ionic channeling becomes
suppressed. This results in a positive contribution to the
sample resistance due to the scattering of upcoming ions,
creating cascade process [30] which increases the sample
amorphization rate. Its contribution to the resistivity is
non-trivial, but positive. Assuming that only implanted
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Figure 3: (color online) Top Pannel: Low temperature re-
sistance as a function of implanted Ga ions in our samples.
Each dose corresponds to 2.6 × 1014 ions/cm2. The “X” cor-
responds to the last measured point before the samples were
destroyed. The solid lines represent equation 1 with the pa-
rameters R0 = 4.9× 10
3 Ω, γ = 4.6× 10−3 and β = 90 Ω.cm2
for sample L1, R0 = 1.8 × 10
3 Ω, γ = 5.7 × 10−3 and β = 62
Ω.cm2 for sample L2, R0 = 0.38 × 10
3 Ω, γ = 3.5 × 10−3
and β = 20 Ω.cm2 for sample L3 and R0 = 120 × 10
3 Ω,
γ = 5.4 × 10−3 and β = 50 Ω.cm2 for sample L4. The car-
toon represents a ribbon cross-section showing how Ga was
implanted in the samples. In it, The large arrow shows the
ion beam orientation relative to the graphene planes in the
ribbon (black transverse lines). The gray areas represent the
thin amorphous C layer covering the device and the black
dots the location of channeled Ga. Bottom panel: Raman
measurements of sample L2 at points #1, #2 and #3. Mea-
surements were performed with the laser inciding perpendicu-
lar to the sample c-axis, with the electric field polarized along
the graphene planes of the samples (similar to the Ga implan-
tation depicted in the top panel).
atoms act as scatters for the upcoming ions, the depen-
dency is linear. Considering these two competing effects,
we propose the following phenomenological expression to
describe the change of sample resistance with the amount
of implanted ions:
R(d) ≈
R0
1 + γ d
n0
+ β × d. (1)
In it, d is the implanted dose, R0 is the resistance of
the pristine device, n0 the sample’s native charge car-
rier concentration, β is a constant representing the resis-
tance gain due to the progressive amorphization and γ
is an dimensionless constant related the efficiency of the
process. The first term in eq. 1 describes the resistance
reduction due to charge doping caused by ions, as the sec-
ond term describes the disorder-induced (amorphization-
related) resistance increase.
This tentative phenomenological model adjusts well to
the experimental data with the use of two free parame-
ters γ and β (except for sample L3, which did not have
its R0 (T = 5 K) measured – see Fig. 1). The values
of β and γ are within the same order of magnitude for
all samples, suggesting that all devices undergo the same
process. While the physical meaning of β is not evident,
the parameter γ is directly linked to the efficiency of the
implantation. It corresponds to the number of extra car-
riers added per implanted ion. Assuming ribbons with
n0 ≈ 10
11 cm−2 (as in bulk samples) gives an upper limit
for γ ranging between 3.5 × 10−3 and 5.7 × 10−3. This
corresponds to an efficiency of about 0.5% for implanted
doses in the range of 1014 cm−2. Such small values can
be attributed to two factors: the relatively high fluence
utilized and the lack of post-implantation thermal an-
nealing. The reduction of the doping efficiency at high
fluences is generally attributed to the creation of charge
trap defects, which are always induced and hinder trans-
port in the samples [30]. This effect is usually remedied
by a post-implantation thermal annealing, which was not
done here. For example, it is shown in refs. [30–32] that
thermal annealing in different materials can improve the
effective ionic doping above one order of magnitude by
prompting recrystallization and solidary chemical bond-
ings between the implanted element and the parent com-
pound.
III. CONCLUSIONS
In conclusion, in this work, we have shown ionic doping
parallel to planes in HOPG as a viable way to modulate
the sample resistivity. Our results can be interpreted as
the occurrence of ionic channeling in our samples in com-
petition to amorphization induced by higher fluence ionic
implantation. Our results suggest that ionic implanta-
tion perpendicular to the c-axis in HOPG modulates the
sample charge carrier density while introducing much less
damage when compared to implantation parallel to the
sample c-axis. Our results point new routes towards the
modulation of charge carriers in multigraphene devices
and the functionalization of graphite nano objects.
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